ABSTRACT: Echinoids have high-magnesium (Mg) calcite endoskeletons that may be vulnerable to CO 2 -driven ocean acidification. Amalgamated data for echinoid species from a range of environments and life-history stages allowed characterization of the factors controlling Mg content in their skeletons. Published measurements of Mg in calcite (N = 261), supplemented by new X-ray diffractometry data (N = 382), produced a database including 8 orders, 23 families and 73 species (~7% of the ~1000 known extant species), spanning latitudes 77°S to 72°N, and including 9 skeletal elements or life stages. Mean (± SD) skeletal carbonate mineralogy in the Echinoidea is 7.5 ± 3.23 wt% MgCO 3 in calcite (range: 1.5−16.4 wt%, N = 643). Variation in Mg within individuals was small (SD = 0.4−0.9 wt% MgCO 3 ). We found significant differences among skeletal elements: jaw demi-pyramids were the highest in Mg, whereas tests, teeth and spines were intermediate in Mg, but generally higher than larvae. Higher taxa have consistent mineralogical patterns, with orders in particular showing Mg related to first appearance in the fossil record. Latitude was a good proxy for sea-surface temperature (SST), although incorporating SST where available produced a slightly better model. Mg content varied with latitude; higher Mg content in warmer waters may reflect increased metabolic and growth rates. Although the skeletons of some adult urchins may be partially resistant to ocean acidification, larvae and some species may prove to be vulnerable to lowered pH, resulting in ecosystem changes in coastal marine environments.
INTRODUCTION
Ocean acidification, the result of ocean uptake of increasing pCO 2 (Raven et al. 2005 , IPCC 2014 , is decreasing the saturation state of calcium carbonate, which, in many marine invertebrates, makes the production and maintenance of calcified structures more difficult (e.g. Orr et al. 2005) . The effects of ocean acidification on calcium carbonate saturation state will vary with depth and location, but general predictions are for a 2-to 4-fold increase in both calcite and aragonite solubility in sea surface waters this century, with the aragonite saturation horizon (below which aragonite can be expected to dissolve) reaching the surface in at least the Southern Ocean by ≈2050 (Orr et al. 2005 , Fabry et al. 2008 . Understanding the response of marine calcifiers, in particular their ability to make their skeletons and shells, to this major and rapid environ mental change requires an understanding of skeletal carbonate mineralogy across a range of phyla and at various life-history stages.
Among these major marine calcifiers are those in the phylum Echinodermata, with approximately 7000 known extant species and 13 000 extinct species, and including the Class Echinoidea (sea urchins) with about 1000 known extant species distributed in the world's oceans (Kroh & Mooi 2011) . Echinoids are ecologically important marine invertebrates and are considered to be the most important group of consumers living in shallow water (Steneck 2013) . Larval, juvenile and adult echinoids have an endoskeleton of calcite (CaCO 3 ) produced by the mesoderm and usually covered by the epidermis, with the exception of the spines of urchins in the order Cidaroida (Dubois 2014) . The teeth are also directly exposed to surrounding sea water and may contain the highest levels of magnesium (Mg) (Wang et al. 1997 ). The skeleton is laid down as stereom, in a 3-dimensional rhombohedral mesh-like calcite lattice (with more or less Mg substitution) with individual elements being crystalline, a skeletal form unique to the Echinodermata that has its maximum development in the Echinoidea (Smith 1980 , Dubois & Chen 1989 , Cavey & Märkel 1994 . Production, growth and maintenance of this mesodermal skeleton is the result of intricate and detailed biochemical pathways (Wilt 1999 , Matranga et al. 2013 . Calcified skeletal elements of adult echinoids include test plates, jaw components (including teeth and pyramids) and spines, both primary and secondary. The feeding echinopluteus larvae of most echinoids have a basketshaped endoskeleton supporting the body and arm rods that support the larval arms (Emlet 1988 , Kinjo et al. 2006 , which can be simple or fenestrated calcite rods, with the latter being more robust (Kinjo et al. 2006) .
The skeletal elements of most echinoids are composed of Mg-calcite (≈3 to 16 wt% MgCO 3 ; Chave 1952 , 1954 , Raup 1966 , where Mg 2+ is substituted for Ca 2+ during calcification. The Mg content of Mgcalcite varies with latitude in some marine calcifiers, including echinoderms (Chave 1954 , Andersson et al. 2008 , McClintock et al. 2011 , Lebrato et al. 2013 ). This trend has been attributed to differences in growth rate, carbonate saturation state and sea temperature (e.g. Mackenzie et al. 1983 , Andersson et al. 2008 , Hermans et al. 2010 ), all of which may be related.
Although the skeleton of echinoderms is calcitic, its solubility is closer to that of aragonite than pure calcite (Dubois 2014) . The solubility of Mg-calcite increases with increasing Mg content, with calcite containing more than approximately 12 wt% MgCO 3 being more soluble than aragonite (Walter & Morse 1984 , Bischoff et al. 1987 , Morse et al. 2006 , Andersson et al. 2008 . Given the high Mg 2+ content of the sea urchin skeleton, the high solubility of the mineral form (Andersson et al. 2008 ) and the dominance of skeleton in the body wall, sea urchins are likely to be particularly vulnerable to the effects of ocean acidification. This is especially so for species in highlatitude and deep-sea environments because they already inhabit seawater that is only slightly supersaturated with respect to the carbonate phase they secrete (Andersson et al. 2008 , but see Dubois 2014) . As ocean pH progressively declines, high-latitude calcifiers are increasingly vulnerable as concurrent ocean warming will likely prevent them moving toward the lower latitudes. Marine calcifiers that deposit stable carbonate minerals such as calcite and low-Mg calcite may become increasingly dominant (Andersson et al. 2008) ; this also applies to taxa (e.g. sea stars) that are less calcified. Here we investigated factors that may influence skeletal carbonate mineralogy, including water temperature, water chem istry, phylogeny and natural genotypic variation.
We examined the skeletal mineralogy of sea urchins from a broad range of latitudes, from 77°S to 72°N. In a comprehensive literature review and incorporating new data from the Northern and Southern Hemisphere, we collated the mineralogy of 73 echinoid species in 23 of the 50 currently recognized echinoid families (Smith & Kroh 2011) . Previous sampling efforts had been concentrated in the Northern Hemisphere, and we address this gap by generating data for specimens from the Southern Hemisphere. In addition, while a number of mineralogical studies have been published on echinoids (Clarke & Wheeler 1922 , Chave 1954 , Pilkey & Hower 1960 , Raup 1966 , Weber 1969 , Sumich & McCauley 1972 , McClintock et al. 2011 , lack of replication reported means the variability in the measurements with and between individuals cannot be assessed. For more than half of the species studied (58%), apparently only 1 specimen was examined. For 4 species, we determined the mineralogy within individuals and among multiple individuals. We assimilated data from body skeletal elements for species from a range of environments and life-history stages, to characterize their mineralogy and evaluate the factors controlling Mg content in their skeletons.
METHODS
A comprehensive literature review showed that 56 species (261 measurements) from (mostly) the Northern Hemisphere have had mineralogy measured and reported (Table S1 in Supplement 1 at www. intres.com/articles/suppl/m561p001_supp1.pdf); where units varied, they were standardised to wt% MgCO 3 . Most measurements were of test plates (N = 135), but spines (N = 79) and mouthparts (N = 47) were sometimes measured. Very few measurements were replicated within an individual or in more than 1 specimen within a species or population. Only 48 mea surements existed for Southern Hemisphere specimens, while there were no published measurements, worldwide, of the mineralogy of juveniles or larvae.
To address gaps in the data from the literature, adult and (where possible) juvenile specimens of echinoid species were collected in New Zealand, Australia, Antarctica and some tropical Pacific islands for this study, as well as additional specimens for the Northern Hemisphere (Table S2 in Supplement 1). Tests of juveniles and adults were bleached in 5% NaOCl, serially rinsed and dried, and then subsectioned for X-ray diffractometry. In total, we examined 382 specimens from 24 species, including test plates (N = 112), primary and secondary spines (N = 81 and 40, respectively), demi-pyramids (N = 70) and teeth (N = 53), as well as juveniles (N = 9).
Gametes of 4 species (Arachnoides placenta, Evechinus chloroticus, Pseudechinus huttoni, Tripneustes gratilla) were obtained from adult sea urchins by inducing spawning with an inter-coelomic injection of 0.5 M KCl, and eggs were fertilized by adding several drops of dilute sperm. Larvae were cultured in 20 l buckets filled with 1 µm filtered seawater until they reached the prism or early pluteus stage, collected and bleached to remove organic material. Sixteen samples, each containing at least 1000 individual larval skeletons, were then analysed using X-ray diffractometry.
For X-ray diffractometry, approximately 0.5 g of each sample was placed in a clean mortar, with 0.1 g of analytical-grade halite (NaCl) as an internal standard, and ground to a fine powder until it was consistent in colour and texture. A small amount of 95% ethanol was added to make a slurry which was smeared uniformly on a glass slide and left to air dry. Each sample was scanned by a Phillips X-Ray diffractometer (XRD) between 26° and 33°2θ. There was 1 count per degree, and the count time was 1 s. Calcite peak position was corrected based on the internal standard halite peak, and then a machinespecific calibration for determining Mg content was applied: y = 30x − 882, where y = wt% MgCO 3 in calcite and x = calcite peak position in °2θ (after Gray & Smith 2004 ).
Phylogenetic and environmental mixed models
We fitted generalised linear mixed models (GLMMs) to the combined dataset using the R (R Development Core Team 2015) package MCMCglmm (Hadfield 2010) . Because our observations are collected from an evolutionary diverse range of specimens, we first investigated whether our data contain any phylogenetic signal. We fitted 3 models to data from those specimens (N = 327) that could be placed in the phylogenetic tree reported by Smith AB et al. (2006) . In each model, wt% MgCO 3 in calcite was the response variable and 'absolute latitude' (i.e. degrees from the equator) and skeletal element were treated as fixed predictor variables. The models differed in which random variables were included; a full model containing effects for both genus and phylogenetic relationships among genera was compared to models with only phylogeny or genus included as random variables.
As described in the 'Results' section, we found only weak evidence for a phylogenetic signal in our data. For this reason, we investigated variation in mineralogy by latitude and among skeletal elements in our complete dataset (including those species that could not be placed in our phylogeny). In this case we fitted 2 models, each with wt% MgCO 3 in calcite as a response variable and genus as a random variable. We compared a full model with fixed effects for absolute latitude and body part with a model containing only a latitude effect.
Finally, we tested the effectiveness of absolute latitude as a proxy for seawater temperature by analysing a subset of observations (N = 386) from locations for which we could obtain an estimate of mean sea surface temperature (SST). For this subset of the data, we again compared 2 models, each with a random effect for genus and a fixed effect for body part. In the first model, we used SST as a fixed predictor variable; absolute latitude was used in the second.
MCMCglmm fits models via Markov chain Monte Carlo (MCMC). Before fitting models, we ran a number of preliminary analyses and found that running MCMCs for 200 000 generations and sampling every 150 th iteration reliably produced consistent estimates with little evidence of autocorrelation. We used these parameters to fit all models described above. We chose the best fitting model using the deviance information criterion (DIC), with the lowest scoring model considered the best fit (Lunn et al. 2000) . A complete record of steps used to fit and examine these models is provided in Supplement 2 at www.int-res.com/ articles/ suppl/ m561 p001_supp2.pdf.
RESULTS
In total, we compiled 643 measurements of echinoid mineralogy, encompassing 8 orders, 23 families and 73 species (Tables 1 & 2) , and spanning latitudes from 77°S to 72°N (Fig. 1 ). Nine skeletal elements or life stages were represented. Taken as a group, the mean ± SD skeletal carbonate mineralogy for the Echinoidea was 7.5 ± 3.23 wt% MgCO 3 in 100% calcite (range: 1.5−16.4 wt%, N = 643). The raw data results for this study, along with the recalculations from published literature, are available in Supplement 1.
Variations in MgCO 3 content in calcite can be ascribed to phylogenetic position, environment (e.g. temperature) and skeletal element or life stage (mouthparts, spines, test, larval skeletons), and we describe the relationships of these variables to our data below.
Phylogenetic influence on echinoid mineralogy
We investigated influences on mineralogy using a series of GLMMs. We first considered the possibility that our mineralogical data contain a phylogenetic signal ( Table 2 ). The best fitting model in this analysis contains an effect for phylogeny. However, the phylogeny used in this model is only resolved to the genus level, meaning there are multiple observations for each tip in the tree. Thus, in addition to capturing phylogenetic relationships among genera, the phylogenetic effect in this model accounts for the fact our observations come from many discrete genera. When compared to models that contain a categorical effect for genus, the phylogenetic model provides only a marginal increase in fit (ΔDIC < 1), demonstrating that relationships among genera explain only a small proportion of the variance in our data. 
Environmental patterns of echinoid mineralogy
Given the relatively weak phylogenetic signal in our data, we chose to investigate ontological and environmental effects on mineralogy using the complete data set, including species that could not be placed on our phylogeny (Supplement 2). These models show significant and large effects on magnesium content of both distance from equator and the skeletal element from which measurements were taken. A model that contains effects for both of these variables fits the data substantially better than one that includes a latitude effect alone (ΔDIC > 500). Importantly, the inclusion of skeletal elements in this model alters our estimate of the effect of distance from the equator on Mg content. Although there is a significant effect for latitude in both models, the effect is smaller in the full model (point estimate = −0.64 percentage points per degree of latitude, 95% credible interval = −0.085 to −0.045) than one that ignores the skeletal element from which measurements were taken (point estimate = −0.09, 95% credible interval = −0.114 to −0.061).
The effect of latitude described above presumably arises as a result of sea water temperature decreasing as latitude increases. We were able to obtain estimates of recent mean SST for a subset of the locations from which our data are sourced. Most new samples are from very shallow water, but depth information is seldom available in published data; in general, water depth is likely to be shallow enough for SST to be a reasonable approximation of ambient temperature. For this subset of the data, a model that uses SST to predict Mg content produces a better fit than a model using only absolute latitude (Supplement 2).
Variation within individual echinoids
Mineralogy varied systematically within an individual sea urchin. Indeed, it matters very much both what life stage and what skeletal element has been measured (Fig. 2) . For example, test plates of Tripneustes gratilla contain, on average, about 9.6 wt% MgCO 3 (N = 5). Small calcareous mouthparts (rotula, pyramid, and epiphysis) of this species tend to contain more Mg (10.3 to 12.1 wt% MgCO 3 ), while the spines and teeth contain less (6.3 to 8.6 wt% MgCO 3 ). In the few echinoid species where such details are reported, the trend is similar (Table 1) . Among all species in the database, the epiphysis is the highest in Mg (mean = 12.3 wt% MgCO 3 , N = 11), followed by the rotula (11.4 wt% MgCO 3 , N = 9) and demipyramid (9.5 wt% MgCO 3 , N = 83). Tests (9.3 wt% MgCO 3 , N = 317) and teeth (5.7 wt% MgCO 3 , N = 66) are intermediate in Mg content, as are spines (5.0 wt% MgCO 3 , N = 200), although secondary spines are generally lower than primary spines (Table 3) . Adult skeletal elements are generally higher in Mg Mg content within skeletal elements in the same individual is fairly consistent, at least in Evechinus choloroticus from Stewart Island, southern New Zealand. In 1 individual from this species, 10 measurements were made on each of the major skeletal elements. The range of Mg in calcite in each set of 10 replicates varied from 1.5 to 2.7 wt% MgCO 3 (SD 0.4−0.9 wt% MgCO 3 ; Table 4 ), less than the variation among skeletal elements and among species.
In those species where more than 1 individual has been considered, there is some broad consistency of skeletal carbonate mineralogy. For example, measurements of the tests of Tripneustes gratilla had 7.7 to 11.5 wt% MgCO 3 (N = 11), whereas the test measurements in Echinometra mathaei were generally higher (13.5−16.2 wt% MgCO 3 , N = 6) and those in Sterechinus neumayeri generally lower (4.7−6.8 wt% MgCO 3 , N = 9). However, variation within species (SD = 1.0, 1.1 and 0.6 wt% MgCO 3 , respectively, for the examples above) may be ascribable to environmental differences among populations.
DISCUSSION
There is still much to learn about Mg in echinoid skeletons. In this study, data were collated on the mineralogy of 73 echinoid species in 23 families. While these data provide a substantial addition to our understanding of echinoid mineralogy, 73 species represents only ~7% of living echinoid species, and there are no data for many orders (e.g. Pedinoida, Holectypoida, Holasteroida), especially the diverse and fragile deep-sea order Echinothurioida.
Variation within individuals
Echinoids are unlike the many taxa where individual mineralogy does not appear to vary systematically (see, e.g. Smith et al. 2013) ; in fact, different skeletal elements may vary considerably in composition within a single individual. In a general way, Mg content in echinoid skeletal components increases with distance from the surrounding sea water. Lowest Mg content is found in the greater than about 12 wt%. Since the test, teeth and spines extend into the water column, they may benefit from the lower solubility associated with lower Mg in calcite. The spines of the order Cidaroida also lack a protective ectodermal cover, but the spines are resilient to acidification due to a specialised outer layer of polycrystalline calcite called the cortex (Dery et al. 2014 , Dubois 2014 . These are the same elements that may become more at risk of dissolution than other skeletal elements as pH falls in the surface oceans (e.g. Raven et al. 2005) . Ma et al. (2009) showed that Mg content in the grinding tooth increases towards the tip, and they theorised that increasing Mg increases the mechanical hardness of the calcite. If this is so, it may provide a further explanation for variations in Mg content in calcite produced by a single individual, navigating the tradeoffs between resistance to chemical disso lution and mechanical strength. While there may be variation of Mg within a single skeletal element, as the entire element was prepared for analysis, we would not be able to discern any local variation. Others have elucidated the variations in Mg associated with the cutting edge of urchin teeth (Killian et al. 2011) , observing that the strongest parts of the teeth are enriched in Mg relative to the rest of the tip. Adult and juvenile skeletal elements are generally higher in Mg than larvae of the same species. At least some skeletal elements show variation in mineralogy within the element. It is possible that larvae, being small and perhaps vulnerable to dissolution in the water column, require their skeletons to be formed of less soluble low-Mg calcite. Even though they produce only small amounts of calcite, it does form a relatively large part of their body weight (17 to 67% of dry weight, Clark et al. 2009 , Gonzalez-Bernat et al. 2012 . However, Dubois (2014) stressed that the larval skeleton remains protected from the direct effects of lower-saturation water by mesoderm cells, and a recent meta-analysis indicated that the vulnerability of the larval skeleton is largely due to energetic constraints , see also Stumpp et al. 2012) . Tropical echinoplutei are comparatively more sensitive to ocean acidification , possibly due to a higher Mg content of their skeleton. If the energetic cost of adding Mg to calcite reduces their other functions, perhaps they precipitate the most stable mineral they can.
It is also important to note that the inclusion of skeletal element and life stage in our GLMMs altered our estimate of effect of latitude on Mg content. In addition, incorporation of SST data produced a slightly better model to predict Mg content. In cases where species live at similar latitudes but with different influences of boundary currents and upwelling, these contrasting thermal regimes as well as carbonate mineral saturation states (Gruber et al. 2012 ) may prove to be important. It is therefore crucial that this source of variation is included in future synthesis studies and that studies report local SST so that it may be included in future meta-analyses.
Phylogenetic influences on echinoid mineralogy
Phylogenetic patterns are common in skeletal carbonate mineralogy, as in the sponges (Smith et al. 2013 ) and bryozoans (Smith AM et al. 2006) . Here among the urchins, mineralogy within echinoid orders is relatively consistent (Table 5 ). For example, the standard deviations of 1.5 to 3.6% within the 8 Table 5 . Comparison of the observed mineralogy of modern specimens in echinoid orders with the seawater chemistry of the time of their first appearance in the fossil record. First fossil appearance data from Smith AB et al. (2006) and Fossilworks.org; past seawater data from Ries (2004) orders are less than the range observed among the orders (SD of global mean = 7.5%). In most of the orders, test plates are generally intermediate in Mg content (with means ranging from 7.4 to 8.9 wt% MgCO 3 ). However, the orders Diadematida, Echinoneoida and Salenioida contain on average greater than 10 wt% MgCO 3 in test plates, although sample size is too small for valid generalisation in the latter 2 (only 1 specimen each), and as they are largely tropical orders, there may be an effect of temperature. Mean mineralogy of spines is both lower in Mg and less variable in all species examined. The echinoid order Cidaroida appeared in the fossil record for the first time in the early Triassic (Smith AB et al. 2006) , when the Mg:Ca ratio in the global ocean was > 3. These are the only urchins that survived the Triassic mass extinction event and are considered to be the ancestral group from which all modern Echinoidea evolved (Smith 1984) . The Orders Selenioida and Diadematoida appeared in the early Jurassic (Smith AB et al. 2006 ; Fossilworks.org) when the Mg:Ca ratio was still > 2 (a so-called aragonite sea). Over the next 50 million years, the Mg:Ca ratio decreased, so that by the time fossils of the orders Clypeasteroida and Camarodonta appeared in the fossil record during the Early Cretaceous, the Mg:Ca ratio in the global ocean was about 1 (a calcite sea). Orders Echinoneoida, Spatangoida and Arbacioida appeared for the first time during the transition period in the Middle to Late Jurassic. Recent studies show that high-Mg calcite producing organisms, including echinoids, precipitate Mg in calcite proportional to the Mg:Ca ratio in seawater (Ries 2010) , and it has been suggested that in the late Cretaceous, these organisms may have precipitated low-Mg calcite in response to the low Mg:Ca ratio present at that time. Although the relationship between seawater Mg:Ca ratio at first appearance in the fossil record, and the overall mineralogy of modern taxa might be ex pected to be blurred by environmental change and evolution, nevertheless the echinoid orders show, at least in test plates, a general decrease in Mg content over the transition from an aragonite sea to a calcite sea (Fig. 3) . The spine data show no such change; Ries (2010) also noted that the mineralogy of spines is less likely than that of test plates to reflect seawater chemistry.
Environmental patterns and ocean acidification
In our model, SST data are sufficiently similar to their proxy (absolute latitude), so that we are able to use published or inferred latitude to consider temperature effects on Mg incorporation (see Supplement 2). Latitude and seawater temperature are strongly related to variation in Mg content (independent of latitude-related phylogenetic effects), within both family and skeletal elements (Fig. 4) . This parabolic re lationship shows that among and within families and skeletal elements, Mg in general decreases with increasing latitude (and decreasing temperature).
Seawater temperature and Mg content are correlated in many echinoderms (Clarke & Wheeler 1917 , Chave 1954 , Pilkey & Hower 1960 , Raup 1966 , Weber 1969 , Davies et al. 1972 , Richter & Bruckschen 1998 , Clark 2009 ), although confounding factors have been noted, such as phylogenetics (Raup 1966 , Davies et al. 1972 , growth rate (Dodd 1967 , Weber 1969 , robustness (Clark 2009 ) and age (Davies et al. 1972 , Sumich & McCauley 1972 . Our data allow some disentangling of these strands.
Among both larvae and adults, tropical species generally contain more MgCO 3 than temperate species, which in turn show higher levels than those from polar regions (Fig. 4) ; this follows a similar pattern in skeletal robustness, where tropical echinoid adults and larvae have greater weight:volume ratio than their cold-water counterparts (Clark 2009 ). In tropical waters, high saturation with respect to calcium carbonate may reduce the energetic costs of calcification. Weber (1969) suggested that this 'temperature effect' arises from higher calcification rates at warmer water temperatures and that an increase in ), the incorporation of magnesium into calcite (further increasing solubility) in polar species could mean that maintaining a skeleton would just become too physio logically demanding.
Although biogenic calcite is generally less soluble than biogenic aragonite, the addition of Mg increases its solubility, so that the high-Mg calcite of echinoids is just as vulnerable to ocean acidification as that of their aragonitic tropical counterparts (Andersson et al. 2008) . There is some suggestion that the addition of Mg to calcite strengthens its mechanical properties (Killian et al. 2011 , Long et al. 2014 , Stock 2014 , but it may be that the mechanical advantages conveyed by Mg are be overshadowed by the chemical disadvantages.
Published models suggest that temperate and polar waters, where many echinoids are important parts of the ecosystems, may reach undersaturation first on the planet, especially in the Southern Ocean (Andersson et al. 2008) . Even with the lower Mg content typical of cool-water echinoids, undersaturation in coastal waters could affect survival, calcification and especially reproductive success and settlement of larvae (Clark 2009 , Sewell & Hofmann 2011 .
Calcite of tropical urchin species is typically high in Mg, often reaching 12 wt% MgCO 3 , the threshold above which high Mg-calcite becomes more soluble than aragonite (Bischoff et al. 1987) . They too may be particularly vulnerable to the effects of ocean acidification when the lower carbonate saturation levels predicted to occur in the Southern Ocean and subArctic Pacific by 2050 and 2100, respectively (Orr et al. 2005) , extend to lower latitudes.
Among the skeletal elements, those highest in Mg (the internal elements of Aristotle's lantern: epiphysis, rotula and pyramid) would be the most vulnerable to acidification, but they are separated from seawater by layers of tissue. In addition, sea urchins exhibit considerable capacity to adjust the acid−base balance of their coelomic fluid in response to increased acidification and thus can maintain body fluid homeostasis , although living with increased acidification incurs an energetic cost (Carey et al. 2016) . It may be that spines, teeth and test plates, although lower in Mg and thus less soluble, will prove to be more vulnerable to dissolution effects. For the spines, this is especially the case for the growing tip (Wolfe et al. 2013 ). Parts of teeth that are higher in Mg may also be highly vulnerable. Very small skeletal elements that are not well protected from sea water (such as larval echinoids) would be the most vulnerable of all , Sewell & Hofmann 2011 . Studies on the reduction in strength caused by exposure to acidified sea water thus far have concentrated on test thickness of adults, in terms of resistance to predators crushing whole skeletons (e.g. Asnaghi et al. 2014 , Byrne et al. 2014 . Similar investigation of individual skeletal elements and/or juveniles is the next step.
The logical end result of either reduced calcification or post-precipitation dissolution is that skeletal elements end up thinner or lower in Mg. Decreased Mg in calcite may reduce solubility, but it could reduce strength as well. Consequently, mechanical attack through predation or wave energy becomes more effective at destroying or stressing the shell. If the need for sufficiently strong shells means that there is more investment in calcification, there is less energy available for reproduction or other more 'optional' activities (growth, reproduction, defense). If external sea water chemistry is reflected in intercellular pH, mouthparts in particular could become weaker, which would make feeding less effective or remove access to some food sources. If some groups regulate their internal pH, as may be the case with cidaroid urchins , they may be less vulnerable to acidification.
Alternatively, sea urchins may be able to accommodate changing sea-water chemistry by changing biomineralisation pathways (see, e.g. Findlay et al. 2009 ). Indeed, some skeletons vary naturally and in response to carbonate chemistry with, for example, the Mg content in Paracentrotus lividus and Arbacia lixula increased by 541 and 243%, respectively, across pH gradients associated with CO 2 seeps (Bray et al. 2014) , and individuals of Eucidaris tribuloides precipitating Mg in calcite proportional to the Mg:Ca ratio of seawater (Ries 2004) . Vent site studies consistently show that some echinoid species are relatively resistant to high-CO 2 environments (e.g. Fabricius et al. 2014 , Uthicke et al. 2016 , while others are not (Calosi et al. 2013 ). In addition, the mineralogy of the test of Tripneustes gratilla reared in ocean acidification conditions from the very early juvenile (5 mm) to the mature adult stage (~60 mm) did not differ from that of urchins reared in control present-day conditions (Byrne et al. 2014) .
Some species are going to be more or less vulnerable than others, related to the complex interplay of mineralogy, water temperature, size, growth investment and life history. It is not surprising that detailed studies have shown species-specific responses to the same conditions (Fabricius et al. 2014 ). Even if urchins are able to compensate for CO 2 -related stress in terms of growth and survival, they may have behavioural responses (such as reduced motility and smaller grazing haloes, Kroeker et al. 2013 ) to ocean acidification.
If skeletal weakness or compromised metabolism do reduce the effectiveness of echinoid settlement, feeding, survival and/or reproduction, as may happen in at least some species, then the inevitable effect will be to affect the balance in the many coastal ecosystems dominated and/or maintained by echinoids. These invertebrates are often critical components of the coastal ecosystems where they function as ecological engineers where low and high abundance can drive shifts in alternative stable states, from kelp forests to macroalgal free barrens habitat (Steneck 2013) . Management of urchin populations world-wide has included wholesale removal to protect foliose seaweeds and over-fishing; for some high-Mg species, skeletal vulnerability to dissolution pressure adds more vulnerability to their already precarious situation.
CONCLUSIONS
Skeletal carbonate mineralogy and morphology of sea urchins vary greatly. Larvae are usually lower in Mg than adults, with both Mg content and skeletal robustness decreasing in cooler waters. Adults show a similar trend, but with the added complication that different skeletal elements within individuals also vary. Mouthparts are generally higher in Mg than tests, while spines and teeth have lower Mg contents. It may be that one source of this variability is the dramatic change in seawater chemistry from the Triassic to the Cretaceous, when these different orders of echinoids were evolving. While the calcite of polar species is lower in Mg and thus potentially less soluble than that of lower-latitude counterparts, the combination of delicate skeletal morphology and rapidly decreasing pH suggests that polar echinoid species may be particularly vulnerable to the effects of ocean acidification. Calcite of many tropical species is more soluble than aragonite, so that these species may be at risk if under-saturation extends to lower latitudes. Dissolution pressure and/or energetic constraints due to reduced mineral saturation could exacerbate ecological stresses in some urchin species, affecting whole coastal ecosystems. 
